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Abstract. Sox7, SoxI17 and SoxI8 are the members of the Sry-related high-mobility group box family (SoxF) of transcription
factors. SoxF factors regulate endothelial cell fate as well as development and differentiation of blood cells and lymphatic vessels.
There is very less information about the functions of these genes in fish. We obtained the full-length cDNA sequence of SoxF genes
including Sox7, Sox17 and SoxI8 in Cyprinus carpio, where Sox7 and SoxI8 had two copies. The construction of a phylogenetic
tree showed that these genes were homologous to the genes in other species. Chromosome synteny analysis indicated that the gene
order of Sox7 and Sox18 was highly conserved in fish. However, immense change in genomic sequences around Sox/7 had taken
place. Numerous putative transcription factor binding sites were identified in the 5’ flanking regions of SoxF genes which may be
involved in the regulation of the nervous system, vascular epidermal differentiation and embryonic development. The expression
levels of SoxF genes were highest in gastrula, and was abundantly expressed in the adult brain. We investigated the expression levels
of SoxF genes in five specific parts of the brain. The expression levels of Sox7 and SoxI8 were highest in the mesencephalon, while
the expression level of Sox/7 was highest in the epencephalon. In carp, the expression patterns of SoxF genes indicated a potential
function of these genes in neurogenesis and in vascular development. These results provide new information for further studies on
the potential functions of SoxF genes in carp.

Keywords. SoxF subgroup; phylogenetic analysis; chromosome synteny; transcription factor binding sites analysis; expression
patterns; Cyprinus carpio.

Introduction in mice and humans (Schepers et al. 2002), 19 in medaka,
and 27 in tilapia (Cnaani et al. 2007; Han et al. 2010).

The Sox genes are characterized by a DNA-binding Sry- A considerable number of evidence indicates that Sox

related high mobility group (HMG) domain and they were
first identified in mammals (Cui et al. 2011; Chang et al.
2017). Since the discovery of the Sox gene, a large num-
ber of Sox transcription factors have been identified in
vertebrates and invertebrates (Sarkar and Hochedinger
2013; Watanabe et al. 2016). With the use of whole-genome
sequencing and genomewide characterization, more than
40 members of the Sox family have been identified in mam-
mal, birds, reptiles, amphibians and fish (She and Yang
2015; Wei et al. 2016). Over 20 Sox genes have been found

genes participate in the regulation of a variety of devel-
opmental processes in animals. Sox transcription factors
play a crucial role in neurogenesis, cardiogenesis, angio-
genesis, chondrogenesis, in endoderm development, and
in sex determination and differentiation (Kashimada and
Koopman 2010; Jiang et al. 2012).

The family of Sox genes is subdivided into 11 groups
(named from A to K) based on the sequences of both
DNA and proteins (Kamachi and Kondoh 2013; Wei
et al. 2016; Fu and Shi 2017). The SoxF subgroup tran-
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scription factors include three members (Sox7, SoxI7
and SoxI8) (Zhou et al. 2015). These three genes share
some essential functions, including regulation of embry-
onic development, stem cell induction and early mesoderm
induction (Abdelalim et al. 2014; Kinoshita et al. 2015;
Banerjee and Ray 2017).

In recent years, transcription factors of the SoxF sub-
group have been widely studied and their functions are
characterized. These functions include the regulation
of angiogenesis and regulation of endothelial cell fate
(Morini and Dejana 2014; Kim et al. 2016). In mice,
Sox7 is indispensable for primitive endoderm differenti-
ation (Kinoshita et al. 2015). Sox7-enforced expression
promotes the expansion of blood progenitors, impairs B
lymphopoiesis and regulates cardiovascular development
(Behrens et al. 2014; Cuvertino et al. 2016; Lilly et al. 2017).
In addition, Sox7 promotes neuronal apoptosis by regu-
lating B-catenin activity in mice (Wang et al. 2015).

Sox17 haploinsufficiency leads to mice female subfertil-
ity; it is a critical marker of the fate of human primordial
germ cells (Hirate et al. 2016; Irie et al. 2016). SoxI7-
related pathways are activated in brain arteriovenous
malformation (Hermanto ez al. 2016).

Sox18 plays a major role in lymphangiogenesis, angio-
genesis and cardiovascular development in humans and
in mice (Duong et al. 2014; Bastaki et al. 2016). SoxI18
hypomethylation and its interaction with other environ-
mental and genetic factors causes neural tube defects
(Rochtus et al. 2016).

It is thus clear that SoxF genes are closely linked to
the functions of the cardiovascular system and nervous
system. However, research on genes of the SoxF subgroup
is scarce in teleost fish. Genes of the SoxF subgroup have
not been characterized in the Yellow River carp.

The common carp, Cyprinus carpio, is one of the most
important cyprinid species, accounting for 10% of the
global freshwater aquaculture production (Peng et al.
2014). The Yellow River carp (C. carpio var.) is a pop-
ular aquaculture fish in China. The Yellow River carp
has great economic value because of its nutrient content,
rapid growth, and easy cultivability. After gonad differen-
tiation, female carps significantly grow faster than males
(Wohlfarth et al. 1975; Wang 2009). The nervous system
is involved in the regulation of food intake, movement and
reproduction (Dunn et al. 2016; Hwang et al. 2016; Zhang
et al. 2016). Moreover, the central nervous system partic-
ipates in the regulation of sex differentiation in fish (Lin
et al. 2016). Thus, structural and functional analyses of
carp SoxF genes are of great scientific value in aquaculture.
In this study, we describe the identification and molecular
characterization of genes of the carp SoxF subgroup and
investigated the expression patterns of carp SoxF genes in
adult fish and early embryo development. Our results help
to understand the functions of the SoxF genes in the regu-
lation of central nervous system and sex differentiation in
carp.

Materials and methods
Materials

Adult carps were obtained from Henan Provincial Rese-
arch Institute of Aquaculture. Artificially fertilized eggs
were incubated at 23 £+ 2°C in hatching tanks with an
open recirculation water system and continuous aeration.
Embryos of five different stages (blastula, gastrula, neu-
rula, tail-bud and hatching) were collected. The division of
embryonic developmental stages was performed according
to Lin and Chapman (Lin and Weng 1986; Chapman and
George 2011). Adult tissues, including heart, liver, kidney,
forebrain, hindbrain, gonad, foregut, hindgut, scale, fin,
muscle, eye, spleen and gill were collected. Five parts of the
fish brain (diencephalon, mesencephalon, macromyelon,
epencephalon and telencephalon) were carefully sepa-
rated. These biological materials were stored at —80°C
until isolation of RNA.

Extraction of RNA from tissues

For adult tissues, the biological materials from three
individuals were pooled together. For RNA extraction
at different developmental stages, biological materials
from 5 to 10 embryos were pooled. Total RNA was
extracted from adult tissues and from embryos of differ-
ent developmental stages using Trizol reagent (Invitrogen,
Carlsbad, USA), according to the manufacturer’s instruc-
tions. Total RNA was treated with DNasel (Promega,
Shanghai, China) to eliminate contaminating DNA. The
quality of tissues RNA was estimated with a 28S:18S
ratio of ~2:1, OD260/280 ratio~1.9-2.2. RNA concen-
tration was determined by spectrophotometric methods.
cDNA was then synthesized using Prime Script Reverse
Transcriptase (TaKaRa, Shiga, Japan) from 1 ug of total
RNA.

Molecular cloning of genes of the SoxFsubgroup

Based on the sequencing data of ovarian transcriptome
of carp performed in our laboratory (unpublished data),
three different cDNA sequences with high homology to
SoxF genes of other species were identified by BLAST soft-
ware (http://blast.ncbi.nlm.nih.gov/Blast.cgi). Homology
analysis of nucleotide sequence of the genes of the SoxF
subgroup was performed by BLAST software. Homol-
ogous nucleotide and protein sequences were confirmed
using the BLASTn and BLASTXx search algorithm in
NCBI (http://www.ncbi.nlm.gov/blast).

To validate the accuracy of SoxF genes sequences from
the transcriptome sequencing data, specific primers were
designed on the complete Sox7 (three primer pairs), Sox17
(two primer pairs), and Sox/8 (three primer pairs) genes
sequences (table 1). These primers covered all the putative


http://blast.ncbi.nlm.nih.gov/Blast.cgi
http://www.ncbi.nlm.gov/blast

Genes of SoxF subgroup in the C. carpio

159

Table 1. The primers used to validate the accuracy of the SoxF genes sequences.

Usage Primer name

Primer sequences (5'—3')

1.Sox7-Fw
1.Sox7-Rv
2.Sox7-Fw
2.Sox7-Rv
3.Sox7-Fw
3.S0ox7-Rv
1.Sox17-Fw
1.Sox17-Rv
2.Sox17-Fw
2.Sox17-Rv
1.SoxI18-Fw
1.SoxI18-Rv
2.Sox18-Fw
2.SoxI18-Rv

Sox7-full-length

Sox17-full-length

Sox18-full-length

5’ ATCTCTCTCACAGTGCTCTT3'
5'CGAGTAGTAGGTCTGGTGTT3'
5"CAGCAGCTTCGATACGTACC3
5GACTTCCTGTAGCTTCTCTT3'
5CGGCAGCCTATTACAACAAC3
5’ AGACCTACAGACAGAATCAC3'
5’GCGTGTAGGAGATGAGCAGT?'
5 TGCTGTGCTTATAAGTGTGA3
5’"CTGCCATGCCTCCTGATTAC3’
5'TCCTAACACAGCCATGAACC3’
5GTCCTGGTGTTGCTTCTATT?
5 ATATTGGAGTAGAGACCGTT3'
5GGAGGCGGAGATTCAGTGTT3
5’ AGCATACAGTAGCTGGATGG3'

open reading frame (ORF) and some untranslated regions
(UTRs) of the SoxF genes. Real-time PCR (RT-PCR) was
performed on a C1000 Touch apparatus (Bio-Rad, Her-
cules, USA), in a 25 uL reaction volume that contained
2x PCR Master Mix (TaKaRa), 1 uL of each specific
forward and reverse primers, and 0.5 L diluted cDNA.
Ovary’s cDNA was used as template. Cycling conditions
were as follow: 94°C for 3 min, followed by 34 cycles of
30 s at 94°C, 30 s at 55°C, and 1 min at 72°C, plus a
final extension step of 10 min at 72°C. The PCR prod-
ucts were analysed by electrophoresis on 1% agarose gels
stained with SYBR Green (Invitrogen). The DNA frag-
ments were purified using an OMEGA Gel Extraction kit
(OMEGA, Dalian, China), ligated into vector PMD19-T
(TaKaRa), and transformed into chemically E. coli Com-
petent Cells DH5« (TaKaRa, Dalian, China), according
to the manufacturer’s instructions. Then the recombinant
plasmids were sequenced.

Sequence analysis and genomic structure analysis

CLUSTALW software (http://www.genome.jp/tools/clus
talw/) was used for multiple alignments of amino acid
sequences based on which a phylogenetic tree was con-
structed using MEGAG6 (http://www.megasoftware.net).
The 5'-flanking sequences of Sox7, Sox17 and SoxI8 were
analysed to identify potential transcription factor bind-
ing sites using the MatInspector (http://www.genomatix.
de/matinspector.html), an online program. Chromosome
synteny was performed on the GENE module available in
NCBI (https://www.ncbi.nlm.nih.gov/gene/).

Expression pattern analysis by quantitative real-time PCR
(¢RT-PCR)

The expression levels of SoxF genes in embryos of different
developmental stages and in adult tissues were analysed

by qRT-PCR. cDNA templates were generated by the
method described in the previous section. Three technical
replicates were carried out for each of the three biologi-
cal replicates of every sample. 40S rRNA gene was used
as a reference gene in expression profiling owing to its
stable expression in different tissues and in various devel-
opmental stages (Zhang et al. 2016). A standard curve was
constructed using serially diluted cDNA (100, 50, 20, 10, 5,
2 and 1%) (figure 1 in electronic supplementary material at
http://www.ias.ac.in/jgenet/). The correlation coefficients
(R?) were all > 0.99. All samples used for qRT-PCR
experiments had the same concentration. The products
were further amplified with 18S primers to exclude pos-
sible DNA contamination. The primers were designed
on Primer Premier5 (PREMIER, Palo Alto, USA) and
synthesized by Sangon Biotech (Shanghai, China). Speci-
ficity, efficiency, and linearity ranges were established
for all primer pairs using DNA eclectrophoresis, melt-
ing curves and standard curve analyses. The primers of
Sox7 and SoxI17 span 3’ UTR and the ORF to ensure
mRNA specificity. The primers of SoxI/8 were designed
using sequence within the ORF but not the conserved
domains to prevent nonspecific amplification (figure 1;
table 2).

gRT-PCR was performed using a Light Cycler Roche
96 apparatus (Roche Diagnostics, Mannheim, Germany),
in a 20 uL reaction volume containing 2x Ultra SYBR
Mixture (TaKaRa), 0.2 uM of each specific forward and
reverse primers, and 1 uL diluted cDNA. Cycling condi-
tions for amplification were as follows: 10 min at 95°C,
followed by 50 cycles of 15 s at 95°C, and 1 min at
60°C. Cycling conditions for melting curve analysis were
as follows: 10 s at 95°C, 60 s at 65°C, and 1 s at
97°C.

The data collected by Light Cycler Roche 96 software
was analysed using SPSS 20.0 software. All data were
expressed as the mean of RQ value (2-22¢T) (ACT =
CT value of the target gene minus the CT value of
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(a)
Sox7
GGCCT GTGCT GGAAG CTGCT CCTCA CATAT AAAGC GCTTC CCAAT GCCGG AGGAA ACAGT GAATC ACAGC TTCAG AGGGG GAGTC GAGCA

GTG CTCTT CAACCACCAGCTGCT CAGTCAAAGT CATCT CTGATTGCGCTTTTACTTTGCTTTAAATTCAAAAACAAAAGAAAAACTCC

TGGTCACATT CGCGC TCGAG CAACAAAGTT TGAGGAGAAG GGAAG CCGAAGTTTT GAGAG CGCAC.GCTGCT (iI‘GAT AAGCGCGTAT TCGTC (iI‘GGC c

M AALTISAY S S WP
GGAGA GCTTT GAGTG CTCTG CGGGAAATGC GGACG TACCT GACGGACACA CCTCC CACAGAGCTC CCGCG GACARA GGTGT CGGAG CCGCG CATCAGGAGA
E S FECSAGNADVU?PUDGHTSHIRAPA ADI KV S EUZPIZRTITRR
CCCAT GAACGCGTTT ATGGT GTGGG CCAAA GATGA GCGCAAGAGA CTCGC AGTGC AGAAC CCCGATCTCCACAAC GCGGAGCTAAGCAAGATGCT GGGAA
PMNAFMVWAI KD DEU RIKIRILAVOQONZPUDTILUHNAEL S KMTLG
AGTCATGGAAAGCTT TAACT CCGCCACAGA AGAGA CCATA CGTGGAGGAA GCGGA GCGGC TGAGG GTGCAGCACATGCAGGACTACCCCAATTAT AAATA
K S WKALTUPUPOQZ K RUPYVEEA AEI RTILIRVYVOQHMOQDY PN Y K
CCGTCCTCGT AGGAAGAAGC AGCTGAAGCG CATCT GTAAA CGAGT GGACC CTGGC TTCCT CCTGA CCACC CTCGG CCCCGACCAAAACTC CCTCCCGGAT
Y R P RRKI KOQLI KRTIU CIKIRVYVDZPG FILULTTULSGU?PUDIGQNSLP
CCCCGAGGCT GCTGT CACCAGCTCGATAAA GACGA CGAGA GCGGT GTGAG TGGCAGTGGT GGCTT CGGTT CTCCCAGTGC AGCTC TACCC GGCGT CAGGG

DPRGCCHOQLDI KVD DESGVS GSGGFGSUPSA AL

TCTTCAGAGATCCCT CCAGT TCCAA CAGCAGCTTC GATAC GTACC CGTAC GGCTT GCCCACGCCACCTGAGATGT CACCT CTGGA CGCCG TGGAT CACGA

|R VFRDPSSSNSSFDTY?PYGVLU®PTU®PU&PIEMMSU®PTULUDAVD |

ACACCAGACCTACTACTCGT CCTCCAGCTCAGTCT CCACCAGCTC CTGCT CATCC TCCAC CTCTT GCCCAGATGA CAGGC GTCCCACCCC GGTGCACATG

|H E HQ TYYSSSSsSsVSsSTS SSCSSSTSCUPDUDI RIRUPTP V|

AGCAGTCCACCCCCCTACCATCCCGATTAC TCCCAGCAGG TACCT TTGCACTGTG GGAGC TCACATTTGG GCCACATCCC GATGT CCCAC CAGGGAAGTG

IH M S S P PPYHUZPDYSQQVPLHCG SSHTULGHTIUPMSHQ |

GGGCGACCCT TATCACAGCACCTCCGTTGT CCTAT TACAG CCCTT CGTTC CCGCAGGTTCAGATC CATCATGGGC ACCAG GGGCACCTGGGCCAGCTTTC

|G S GATULTITA APZPULSYYSPSFPQVQ IHHGHU QSGHTL G|

GCCGC CTCCAGAGCA GGGGCACCTG GAGGG TCTGGATCAG CTGAG CCAGG CTGAA TTGCT GGGTGAGGTAGACCGAGATGAGTTC GACCAGTACC TAAAT

|QLSPPPEQGHLEGLDQLSQAELLGEVDRDEFDQ|

TCCACTAGTTATCAC CCCGAACAGG GCGGGATGACAGTCA CGGGA CACAT ACAGG TAACG CCGGC TTCCG TTTGC TCCAG CAGCA CTACG GAAACCAGTC

| Y LN S TS YHUPEQGGMTVTGHTIOQVTUPASVCSSSTT |

TCATCTCTGT ATTGG CCGAT GCCAC GGCAG CCTAT TACAACAACT ACAGCATTTC A.ACACC AAAACAGAGACAATT GACACAGACAGAGACTGTGGG

|E T S L I S VLADA AT AA|Y Y NNY S I s *

CTCGA CAAGG GTCAG CARAG TGACT GGCAG GTGAA AGGAA GGCCG TGGAG GGAGC GGAAA AGAGA AGCTA CAGGAAGTCAAAGGA CACCT CAGGGATGCA
TAGAT AAAAAAAAAC TGAAG TTCAT TCCCATCTTT GTTTC CAAAA GAAGAACGGAAGTAAAAGAAAAAAT GGACAAACAT AGAAAATGCT CTCATATCTT
GCCACAAAAGCATGT ACATATGCTATAAAGCTTAT TTATATATAT CGAAT TGCTT TGCAT TAAAG CTTAT TGTAT TGCTT TTTTT TAGTC CAGAT ATATT
CATTT GATTT TTTTT TCAAACCTCAATTGT TTTACCTCAAGAATT ATTTAAGTGA GGCTGGTCTC TTCCT TTATAGGACATAATT TTAAAGGAAATTCTG
CCCTT TCTTT TCCCT TTACATTCAT TTCAAAAATG TATAT GTATGCTCAG TTAAAATAAT AATAATAATGAATAC TATTG TATGC CAGTT AAGGT TTTCC
ATATTAATTT AATTCAAATAAAATT TTGAGTTTAT ACATT TAGTATTCTCATTTT TGATA TCCACACAGA TGTCAAGCGGAAGAACGTAGCTCAGCATTG
ATGTT TGTTGAACACCGTTC TGTTT GGCCGATTTC AATGA TGAGGACTTT CATAAGATTT CATGA TAAAT TGCAT TGTTT ATGCC CATAT AAGTACAGCA
CGGTGATTCT GTCTG TAGGT CTGGA CTTGA GAAAAAAAAAAAATG TTGCAGATGC TGTTCATTTT GTGAT ATATT AAAAG TGAAT GTTCT GAGGT CCCAT

CTGAATTAGACGCCGCTAAATAAAAACACAARATAAATA

Figure 1 (continues)
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(b)
Sox17

TGAATATACT GTATGCGTTTAARAGAAGGGAAACTAAGTAAAGCACATTAAAGGAT AAGCT GTTTG GGCCAACCAGAGGCTACAGT CTACATTCATJAGTG

ATCACCAAGGATACGCGCCCGGTGCGTGTA GGAG.AGCAG TCCCGATGCG GGTTACGCCAGTGACGACCC GAq:C AGACCCGAGGCACCA GCTqX GTC

M S sS PDAGYASTDDZPSQTIRGT S S V
TTGAT GTCTG GCATGAGGCAGTGCGCGTGG GTGGA CCCGCTCAGT CCGCT TTCAGACACGAAAGC AAAACATGAGGCATGTTCTT CAGCGGGTCCAGGGC
L M SGMRQCAWVYVDUPILSPULSDTI KA AIZ KHEA ATCSS S ASGT?PG
GCGGAAAGAG CGAGC CGCGCATCCGCAGGC CGATGAACGCATTTATGGTG TGGGC GAAAGATGAA CGCAA GAGGCTTGCGCAGCAARAACC CAGATCTGCA
R GKSEPRTIRIRPMNAFMVWAIKDET RIKI RTILAOQOONZPTDL
CAATGCAGAGCTGAG TAAAATGCTT GGTAAGTCAT GGAAAGCTTTACCAA TAGTG GACAAACGTC CATTT GTTGAGGAGGCGGAA CGTCT CCGAGTGAAA
HNAEIL S KMTLGI K SWI KA ALU®PTIVDI KIRZPFVEZEA AEIZRTILIRYV
CATAT GCAAGACAAC CCAAACTACAAATAT CGACCACGGCGTCGTARAAAGGTGARAACGAAATAAACGAC TGGACTCCAGCTTTG TGTTT CATGGGGAGG
K HM O DNUPNY K YR PRI RIRI KI KV KRNI KIRILDSSFVFH G
GGGAT GCTCAGAACC CTCTGGGCAT GGAGG GCATGAGTGT TGGATATTCA GAACT GCCCCAAGCT AGGCT GCCTCCATACTGTGAGACGCAGACT TTGTT
EGDAQNPILGMEGMSVGY S EULUZPOQARILUPZPYZ CETOQT
TGAGCCCTACAGCTT GCCTACACCCGACCCCTCTCCTATGGATGCTGGGT TTTTT GCCCATTTTC AGGACAGTCACCATCAGAAAACACAAACATTCTCA
L ¥F EPYSLPTU®PIDU&PSUPMDAGT FT FAHZ FOQDSHUHZ QI KTQT
GCAACATACATGGTC CARACTCTTAATGAGAGTAC CAAACCACAAACCAG TCACAGTTCT GCCAT GCCTC CTGAT TACCTGAACT GTCCT TCAACTTTAG
F S ATYMVQTILNZESTI K?®PQTSHSSAMZPUPDYT LNTCU?P S
ATGACCATTG TAGTT CCAACTCTCAGTTTA GGCAT TCTTATGAGGAATTG TCACT TCCTGTTGAC TGTCACACTTATAAGCACAG CATTT CTGAGCCACA
T L. D DHCSSNJSOQFRHSYEETLS ST LUZPVDU CHTYIZ KHSTI S
CTCACTGGCC CCTGCAGCAGCTCAGAATCAAGGTT CTAGT GTCTCCGACT CAGTG CAAGGGTCCAACCTAATCTCAACTGTACTG TCTGATGCTAGCACT
E PHSLAPA AAARAQNOQGS SV SDSVQGSNILTIS STV VUL SD
GCTGTGTACTACTGT GGCTATAATAATTCC.TGAGATT TCATGTTCTT TTTGATAAAACCTGAATCACATTTATTTTCATTGT AACCCCAGACACTGA
ASTA VY Y CGYNNS *
TTATT TTCAATGTTC AATCAATGAAAATTT TATGA CACACCCCTT TAACT AATAGAGCTGTATAA TAGAAATTTCAGGGGCCTTAARATATGTTT TCARA

TATGT TTAAC TTTGT GTAGT TGCTTAATGT CTTTAAAAAT GGCAATATTAAATCATAACT TGAGT TTTGCAGATT TTAGT CCATG TTTGT TAGCT TTCAG

GCCATATATATACTT TAGCAGGAGCACATT CARAATGCAT TCTTTTTTCT TTTTT TTTTT TTTTT CCCCT TGTGAAACAGATCAAAAATACTTATGTCAT
ATCTTACTCACAGGGCAAATAAAAATGTTATGCCAATACT CTCTAGAAAGACCTAGTTTCTAGAAAGTGT CCTTCCTAATACCTT CCATCAAACTGCATG

CAGCAAAATATTGGT TCATGGCTGT GTTAG GARAA GCCCAACCTGAATCT CCC

Figure 1 (continues)
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40S rRNA, AACT = ACT of any sample minus cal-
ibrator sample) (Livak and Schmittgen 2011). One-way
ANOVA followed by least-significant difference (LSD) test
were performed for each organ and developmental stage
to identify significant differences between samples. Sta-
tistically significant differences were considered if P <
0.05.

Results
Sequence analysis of C. carpio SoxF (CcSoxF)genes
The full-length cDNA sequence of carp Sox7 was 2339 bp,

including a 265 bp 5 UTR and a 880 bp 3’ UTR and the
ORF was 1194 bp. The predicted amino acid sequence

was 397 residues long and contained a 72 amino acids
SOX HMG box DNA-binding domain at positions 42—
113, and a SOX C-terminal transactivation domain (215
amino acids long). The amino acid sequence of the DNA-
binding site was RMNFMAKRANKGWR, consisting of
amino acids at positions 45, 47, 48, 50, 51, 54, 55, 58, 62,
70, 75, 78, 81 and 100 (figure 1a).

The full-length ¢cDNA sequence of Sox/7 was 1653
bp contained an ORF of 999 bp, a 5 UTR of 134
bp, and a 3’ UTR of 520 bp. The predicted amino
acid sequence was 332 residues long, and contained
a conserved HMG box DNA-binding domain of 72
amino acids at positions 62 to 133. Within the HMG
box DNA-binding domain, the amino acid component
of DNA-binding sites was same as in the Sox7 (fig-
ure 1b).
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(c)

Sox18
CTCAGCACAAGA ACTAT CCGTC TGGAGGGCAGGAGTT ACAAAACACT AACAT CTGTGGGATT TTATGCTTCT CTGAGCAAAGGGTG CAGCCTTTTC TAAC 100
TCTTTTTCTTTC TTTTTACGAT TTGTT TCATT TGGGT TACTGGTCAG TCTGTATTTAAAGTA GCTTARAGTA GCAAAGAGACGTCC TGGTGTTGCT TCTA 200
TTCAAAGACAACAGCGTGCTTT AACCGTGGTGGTCTT GCTGG. TATATCTGAGTCTAGTTGCTGTCAAGAGGCCAGT TCTCAGCCCAGCCAGGTT 300
M NI SESSCCQEA ASSO QPSS QV 19
GCGGAGC GTGGGACATGGGGTGCCTCT TCCAGCACTC CGGGCCCTGA CCGGGGACAT GGTTT TGACC GCAGC CGGACCACAGAGCT GGCGCCGGTGCCCG 400

A ERGTWSGASSSTU®PG?PDRGHGT FDIRSRTTETLA APV P 52
GCTCTGGAACAC GRACGGCGTC CCGAACCGGAGCAGA GGCCAGGACG GGAAGCCCGGACTCAACCCGCCCTG GAGCT CTGACCCTG GGCTCAAGTGACGG 500
G S GTRTASRTG GAEARTSGSU?PDSTIRZPG G ALTTLSGS S SD 85
GARATCAGGGGG GGAGT CGAGA ATCAGGAGGCCGATGAATGC CTTCA TGGTGTGGGC TAAAG ATGAGCGCAA ACGTCTGGCCCTCCAGAACCCAGA CCTG 600
G KSGGESRTIRRPMNAFMVYVWAIKDEITRI KR RILALIGQNZPD 118
CATAACGCCGTG CTCAGTAAGA TGCTGGGTCAATCCT GGAAGGCTCT AAGCACACTAGACAA GCGTCCGTTT GTGGAGGAAGCCGAACGACTCCGT TTGC 700
L HNAVL S KMILGQ Q SWKALSTTULDI KT RZPTEFVETEAETIRTILR 151
AGCACCT CCAGGATCACCCGAA CTACARATACCGTCC TCGCCGCAAG AAACAGCCCAAGARAGATGAAACGAG TGGAACCGGGTTTG CTCCTACAAG GCCT 800
L O HL Q DHPNYKYRZPRRIKI KO QP KI KMIE KIZ RVEUPSGTLILTILQ 184

CACTGGCGGCCC GGGACCAGGA GATGCCTACT CGCCA CATCGCCATG CCCAT CATCT GCTGC CACCT CTGGGACACT TCCGAGACC TCCACCCCTC TGGA 900

GLTGGPGPGDAYSPHRHAHHLLPPLGHFRDLHP|217

GCTTCGGAGCTG GAGAGTTTTG GCCTGCCGACACCAGAGATGTCACC GCTGGATGTGTTGGA GGAGGGAGGC GGAGATTCAGTGTT TTTCCCCCCT CACA 1000

|SGASELESFGLPTPEMSPLDVLEEGGGDSVFFP|25O

TGCAGGAAGATG TGGGT CTGGG TTCGT GGATAAACTA CCACCAGCAT CCARACCATCAGACT GGCCACCACC CTCACCACAACTCC CATAACCTCCAGCA 1100

|PHMQEDVGLGSWINYHQHPNHQTGHHE’HHNSHN|283

TTCCCACCCACA CCTCAACCAGAAATCTCCCCTGGCC TGCCT CCCAC TGCAGGAAAAATGCC TGGTT GTGGA GTCCACGAACCCTAACGGTCTCTACTCC 1200

|LQHSHPHLNQKSPLACLPLQEKCLVVESTNPNG|316

AATATGACCCTC CCAGAATCCT CCAAGGCTCCTCACAATCCCACACC TGCAGGCTAT TACGG TCAGATATAC GCGAGCAGT CAGTC CCAl*S CTGCCTTCA I 1300

LYSNMTLPESSKAPHNPTPAGYYGQIYASSQSQ|349

CCTCTCATCT*G GCCAGCTGTC TCCACCACCCGAGAC CTCGGCGGTC GCTCAGGTCGCTCCA CCCTCTCTGGACGCT GTGGACCAG CTGGGACCCT CGGC 1400

PAFTSHLGQLSPPPETSAVAQVAPPSLDAVDQL|382

CGAGTTC TGCFG TGAAGTGGAC AGGAT TGAI;T TCGAC CAATACCTGA GCGCGAACAGGACTC GATTGAGCAG GAACGCCCCTTGTGAGGAGAGCAGCGCT 1500
|GPSAEFWGEVDRIEFDQYLSANRTRLSRNAPCE|415
TTGATAT CAGCC CTGTCCGATG CCAGCAGCGCCGTCT ACTACAGCGC GTGCATTACGGGA.AACCGCTTCT CCACGCAGTCCTGAAGTCTGGTGCACA 1600
|ESSALISALSDASSlAVYYSACITG* 439
TATGGCT TTTTT GAGTCTCAGA TCTTT TTGAT TTATT CGAGT TACCT TCTTCAGGGAATCAT CTTGCCCGGT TTCACAAAT CACTG GAGGT TACTGAACT 1700
CTATACAGGATG GTTCT CACCA TATAGACTTCACTAAATTGCATTTC ACAGT CTGACTAGTC ATTACTGGTC TTGAT AACCTGTAC TTTCT GAGAC TGTG 1800
GCCGATT TAACC GATAATTTTG CTGACTCCAT CCAGC TACTGTATGC TTACGGTCTCARATG AGGGT ACTGG GACGT GGAAGTCAAGAATGTGAAT ATTT 1900
TTGCAAT GCATATATATATTTG TCTTT TTATT TGCTT TTTATATTGT TTATT TCTAT TTTTA TAGACATTTT ATATAAGGT TGTAT GAAAATATGT TTTG 2000
CACTGGGTATGT GAARACCACT CAAGACTTTTATACT GCACT TAATATCTTT CAAATACTTT CAAATATTTT TTTTT CATGACATC TGACGTATTT TGAT 2100
CCATTGGCGACT AATTTATCTC GCATT CTTCCCTTCT GTGTGGTTGAATATGTTTGAATTGG GCATT TCATG TGGACATGAAATTT TGTAATCCTC TTAG 2200
CATTTGAGGATCATGTT GAGTT GGTAATAACT CTCCC CCTTT TGGTAATAAT TATCT TCAAA TAAAAAGAGT TTGCAATAAAAAAT GTCTCAGAGC TATT 2300
AAATCAAAGCAATTAARATTGAAAACACACAAT TGTACATAGTATTTC ACTAACACACTTTCC CACACCACAGAGTGCATGT GCTTT TCAAT GTGTT TTTT 2400
TCTTCTTAAAACAGTTT TAATAATTAAAAAAAATGTA TTACACAGCARAATGTATCGA 2458

Figure 1. Nucleotide sequences of (a) Sox7, (b) SoxI7 and (c) SoxI8 in C. carpio. The deduced amino acid sequence is shown
underneath the CDS. The HMG Box domain is shaded in gray and the C-TAD domain is boxed. The start and stop codons are
shaded in red. The DNA-binding sites are shaded in yellow. Primers designed for gRT-PCR experiments are in a red box. Nucleotides
and amino acids are numbered at the right end of the lines.
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Table 2. Sequence of the primers used in qRT-PCR.
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Usage Primer name Primer sequences (5'—3') Product size (bp) GenBank
accession numbers
qRT-PCR Sox7-RT-Fw 5'- CATCCACTCATCTCTCTCAC -3’ 184 KY860088
Sox7-RT-Rv 5'- GGACGAATACGCGCTTATCA -3/
qRT-PCR  SoxI7-RT-Fw  5- GGCTACAGTCTACATTCATC -3’ 127 KY860089
Sox17-RT-Rv  5'- AGACATCAAGACTGAGCTGG -3’
gqRT-PCR  SoxI8-RT-Fw  5'- CCTGCCTTCACCTCTCATCT -3’ 120 KY860090
SoxI8-RT-Rv  5-TCAATCCTGTCCACTTCACC-3’
qRT-PCR 40S-RT-Fw 5'- CCGTGGGTGACATCGTTACA-3' 117 AB012087
40S-RT-Rv 5-TCAGGACATTGAACCTCACTGTCT-3
qRT-PCR 18S-RT-Fw 5'- GAGTATGGTTGCAAAGCTGAAAC-3 129 FJ710826
18S-RT-Rv 5" AATCTGTCAATCCTTTCCGTGTCC-3'
D.r sox7 RIRRPMNAFMVWARKDERKRLARONPDLHNAELSKMLGKSWKA HMeDYPNYKYR 2RREKRQ! 133
C.v sox7 RIRRPMNAFMVWAKDERKRLARONPDLHNAELSKMLGKSWKA -ODYPNYKYRFRRKKQH 133
O.n sox7 RIRRPMNAFMVWAKDERKRLAMONPDLHNAELSKMLGKSWKA 133
H.s sox7 RIRRPMNAFMVWARKDERKRLAMONPDLHNAELSKMLGKSWKA '-ODYPNYKYR?RRKKQ-KWLOKRV 135
M.m sox7 RIRRPMNAFMVWAKDERKRLARONPDLHNAELSKMLGKSWKA HMeDYPNYKYRZRRKKQEKRIMe KRV 135
M.f sox7 RIRRPMNAFMVWARKDERKRLARONPDLHNAELSKMLGKSWKA 135
X.t sox7 RIRRPMNAFMVWAKDERKRLAWONPDLHENAELSKMLGKSWKALYRFQKREPYV 132
A.s sox7 RIRRPMNAFMVWAKDERKRLARONPDLHNAELSKMLGKSWKALSE QKREYV 127
G.j sox7 RIRRPMNAFMVWAKDERKRLARONPDLHENAELSKMLGKSWKALINEE QKRPYV 131
G.g sox7 RIRRPMNAFMVWARKDERKRLARONPDLHNAELSKMLGKSWKALS#S QKREYV 131
Z.a sox7 RIRRPMNAFMVWAKDERKRLAWONPDLENAELSKMLGKSWKALS#E QKREPYV 131
C.c sox7 RIRRPMNAFMVWAKDERKRLAGONPDLENAELSKMLGKSWKALINIIOKRPYV 133
Consensus rirrprnafrrvwakderkrla gnpdlhnaelskmlgkswkal qgkrpyv eaerlr
X.t sox1s IRRPMNAFMVWAKDERKS 157
H.s soxls8 IRRPMNAFMVWAKDERKE 174
M.m sox18 IRRPMNAFMVWAKDERKS $ 168
G.g sox1sg IRRPMNAFMVWAKDERKE U2 @ DHPNYKYRI RRK 189
D.r soxis8 IRRPMNAFMVWAKDERKS SWE 8 DHPNYKYRI RRKK(} 183
C.c sox18 IRRPMNAFMVWAKDERE S WK @ DHPNYKYRI RRKK(} 183
L.c soxis8 IRRPMNAFMVWAKDERE SWE @ DHPNYKYRI RRE 192
M.f soxi1s IRRPMNAFMVWAKRDERKE LASONPODLHNAVLSKMLGA®WKR LYW KRPFVEEAERLREQHLEDHPNYKYRE RRRR 174
I.p soxl1s8 IRRPMNAFMVWAKDERKE LAI QNPELHNIA\"LSKI-iLE%WZ = SKRPFVEEAERLRI QHLGDHPNY?.YRI RRE 163
E.e sox18 IRRPMNAFMVWAKDERKBR LASONPDLHNAVLSKMLGE®E WK DHPNYKYRI RRKRQH 165
A.m soxls8 IRRPMNAFMVWAKDERKE !QNPELHNAVLSKHLﬁWZ > 164
P.m sox18 IRRPMNAFMVWAKDERKE LASONPDLHNAVLSKMLESEWKE 189
Consensus irrpmnafrnvwakderk la gnpdlhnavlskmlg wk 1 11
C.c sox17 RIRRPMNAFMVWARDERKRLAQONPDLHNAELSKMLGKSWKE 145
D.r soxl17 RIRRFl-iNAFI-NWAKDERKRLAQQNPELHNIAELSKI-!LGKSW;E 145
O.n sox17 PNYKYR ?RRRE 147
B.t sox17 RIRRPMNAFMVWARKDERKRLAQONPDLHNAELSKMLGKSWEE PNYKYR ?RRRE 150
) SR A1) SNEF-W |[RIRRPMNAFMVWARDERKRLAQONPDLENAEL SKMLGKSWEE PNYKYR/?RRRE 143
H.s sox17 RIRRPMNAFMVWAKDERKRLAQONPDLHNAELSKMLGKSWKE PENYKYR?RRRE 150
P.r sox17 RIRRPMNAFMVWARKDERKRLAQONPDLHNAELSKMLGKSWERE PNYKYR ?RRRK® 150
SRS alE-1o) S-S IRTRRPMNAFMVWAKDERKRLAQONPDLENAELSKMLGK SWEE PNYKYR ?RRRK! 145
M.m sox17 RIRRPMNAFMVWARDERKRLAQONPDLHNAELSKMLGKSWERE PNYKYR/?RRREK 150
G.g soxl17 RIRRPMNAFMVWAKDERKRLAQONPDLHENAELSKMLGKSWKE ENYKYR ?RRRE 144
E.e sox17 RIRRPMNAFMVWARKDERKRLAQQONPDLHNAELSKMLGKSWEKE ) PNYRKYRZRRRK®VK 148
Consensus rirrprnafrvwakderkrlaqgqgnpdlhnaelsknmlgkswk 1 k pfveeaerlrv hmqgd pnykyrprrrk vkr kr

Figure 2. Multiple alignments of SoxF subgroup proteins in different species, Sox7, Sox17, Sox18. All the sequences of SoxF
homologues were retrieved from NCBI. The HMG Box characteristic of Sox proteins are in red frame. The alignment was generated
by DNAMAN. GenBank accession numbers of sequences are shown in supplementary table 1.

The full-length cDNA sequence of carp SoxI8 was 2458
bp contained a 5 UTR of 243 bp, a 3’ UTR of 895
bp, and an ORF of 1320 bp that predicted 439 amino
acids. The HMG box was composed of 72 amino acids.

The sequence of Sox/8 DNA-binding site was RMNF-
MAKRANKGWR, consisting of amino acids at positions
96, 98, 99, 101, 102, 105, 106, 109, 113, 121, 126, 129,
132 and 151. The 225 amino acids of the SOX C-terminal
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Table 3. Amino acid sequence percent identities of C. carpio Sox7, Sox17 and SoxI8
compared to other vertebrates SoxF subgroup proteins respectively.

Cc% Dr% On% Cv% Xt% Mm% Mf% Hs% As% Gg% Za% Gjo/o

(a)
Cc 100
Dr 964 100

On 751 76.0 100

Cv 733 73.8 86.5 100

Xt 57.8 574 544 522 100

Mm 56.2 574 524 503 62.6 100

Mf 562 574 524 503 62.6 100 100

Hs 552 558 51.0 492 639 89.2 §89.2 100

As 534 536 528 50.7 572 66.6 666 67.0 100

Gg 51.5 523 51.0 49.7 562 604 604 61.6 73.5 100

Za 515 51.6 50.0 482 556 594 594 60.1 729 888 100

Gj 464 474 458 451 515 531 531 536 66.8 574 56.6 100

Cc% Sr% Dr% On% Pr% Ee% Mf% Hs% Xt% Bt% Gglo Mm%

(b)
Cc 100
Sr 882 100

Dr 71.5 70.1 100

On 553 44.0 43.0 100

Pr  53.8 43.1 427 86.5 100

Ee 46.7 38.2 39.0 53.1 543 100

Mf 46.2 37.1 385 531 548 88.8 100

Hs 458 373 39.0 520 540 880 96.6 100

Xt 455 392 390 477 479 50.1 484 492 100

Bt 444 358 37.6 53.0 542 86.8 884 884 483 100

Gg 443 349 365 492 512 59.0 578 579 489 614 100

Mm 429 348 357 509 535 81.7 828 83.0 495 81.3 57.1 100

Cc% Dr% Ip% Am% Lc% Gg% Pm% Xt% Ee% Mm% Hs% Mif%

©
Cc 100
Dr 958 100

Ip 692 718 100

Am 528 54.6 504 100

Lc 524 542 520 740 100

Gg 50.1 514 500 87.1 729 100

Pm 49.7 51.0 50.1 87.6 73.1 962 100

Xt 489 498 48.1 657 583 613 615 100

Ee 395 39.9 381 515 459 503 50.5 48.6 100

Mm 39.1 39.0 37.5 489 46.6 489 479 482 78.6 100

Hs 386 389 37.1 509 468 525 51.0 494 833 875 100

Mf 386 389 37.1 50.6 47.1 525 51.0 49.1 83.6 873 98.7 100

The highest per cent is in bold character. For GenBank accession numbers of sequences
see table 1 in electronic supplementary material.

a: Sox7, b: Sox17, c: Soxl8.

Am, Alligator mississippiensis, As, Alligator sinensis; Al, Austrofundulus limnaeus, Bt,
Bos taurus; Cc, C. carpio; Cv, Cyprinodon variegatus; Dr, Danio rerio; Ee, Erinaceus
europaeus;, Gg, Gallus.gallus;, Gj, Gekko japonicus, Hs, Homo sapiens; lp, Ictalurus
punctatus; Le, Latimeria chalumnae; Mm, Musmusculus; Mf, Macaca fascicularis; On,
Oreochromis niloticus; Pr, Poecilia reticulata; Pm, Parus major; Srt, Sinocyclocheilus
rhinocerous; Xt, Xenopus tropicalis; Za, Zonotrichia albicollis.
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transactivation domain were located at positions 205-429
(figure 1c).

Based on these results, the three sequences of C. car-
pio were submitted to GenBank: Sox7 (K'Y860088), Sox17
(K'Y860088) and Sox/8 (KY860088).

Alignment and phylogenetic analysis

Using NCBI and CLUSTALW, BLASTp analysis showed
that Sox7, Sox17 and SoxI8 had conserved HMG boxes
(figure 2). Moreover, the deduced amino acid sequences of
Sox7 and Sox18 showed high homology with zebrafish
Sox7 (96.4%) and SoxI8 (95.8%), but low homology
with human, mouse, chicken and monkey Sox7 (46.4—
56.2%) and SoxI8 (50.1-38.6% homology). The amino
acid sequence of SoxI/7 showed high homology with
Sinocyclocheilus rhinocerous Sox17a (88.2%) and zebrafish
Sox17 (71.5%) (table 3).

To evaluate the evolutionary relationships between carp
SoxF genes and other species, a phylogenetic tree was
constructed using the MEGAG6 software. Sox7, SoxI7
and SoxI8 were split into three different branches. The
sequences of amino acids between carp Sox7 and zebrafish
Sox7 were highly identical; the two genes were grouped
into one clade. Carp Sox/8 was homologous to zebrafish
Sox18, and carp Sox/7 was homologous to S. rhinocer-
ous SoxlI7a (figure 3) (table 1 in electronic supplementary
material at http://www.ias.ac.in/jgent/).

Chromosome synteny and genomic analysis

The genomic DNA sequence of carp Sox7 (https://www.
ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?’mode
=Info\&id=7962) was interrupted by one intron between
positions 497 and 1696 bp of the complete ORF, which
was 1199 bp long (figure 4a). Two copies of Sox7 were
found located at scaffolds 1136 and 77. The genomic DNA
sequences and cDNA sequences of two Sox7 were identi-
cal. The genomic sequence of one Sox7 was flanked by the
genes tdh3, pinxl, rplll and blk. Another was flanked by
the genes IGFBPS5, ZBED4 and sirt7. Analysis of the data
of whole-genome sequences and a cross-species compari-
son of chromosome locations showed that the genes tdh3,
pinxlI, sox7, rplll and blk were always closely linked in
fish. Except blk, these genes were also linked in mice and
human.

The SoxI7 genomic sequence had four introns, whose
lengths were 773, 43, 134 and 72 bp (figure 4b). The Sox17
gene was detected on LG17. In medaka and in tilapia,
Sox17 and Sox17a were adjoined. In Xenopus, the Sox17
and Sox17b were adjoined. There was only one Sox/7 gene
in carp and zebrafish, which was similar to the Sox/7 gene
in mammals. Among the flanking genes, only lyplal was
conserved among the analysed species.

The SoxI8 genomic sequence contained one intron
between 628 and 1837 bp, whose length was 1209 bp. Two
copies of SoxI8 were found located on scaffold 192. The
two copies of Sox/8 were adjacent, and flanked by tcea?
and xkr7. The cDNA sequences of the two SoxI8 copies
were identical (figure 4c). The arrangement of flanking
genes was highly conserved in fish.

Analysis of binding sites for transcription factors

The 2000 bp 5-flanking sequences upstream of Sox7,
SoxI17 and SoxI8 were analysed with genomatix soft-
ware (Genomatix, Ann Arbor, USA). Transcription factor
binding sites with a matrix score higher than 0.9 were
generally satisfied from numerous potential binding sites
for transcription factors that were predicted within the 5
regulatory region. These transcription factor binding sites
are drawn on the schematic diagram (see figure 5; table 2
in electronic supplementary material). Among the tran-
scription factors binding sites, BSX and NEUROG are
closely related to neurogenesis, Oct4, Nanog and FOXLI,
regulate pluripotency and stem cell properties, MEF2/3
and GATA regulate the cardiovascular system, and finally
MTBF and HNF6 are muscle-specific and liver-enriched.
API, CEBPB and SpI are also identified.

The homology of C. carpio to D. rerio, at 2000-bp
upstream 5'-flanking sequences of Sox7, Sox17 and SoxI8
were 43.81, 38.37 and 55.02%, respectively.

The homology of C. carpio to O. latipes at 2000 bp
upstream 5'-flanking sequences of Sox7, Sox17 and Sox18
were 32.96, 28.18 and 27.37%, respectively.

The 2000-bp upstream 5'-flanking sequences of Sox7,
Sox17 and SoxI8 in D. rerio and O. latipes were also anal-
ysed with genomatix software. Between C. carpio andD.
rerio, 19, 10 and 21 same transcription factor binding sites
were found in Sox7, Sox17, Sox18 respectively. Compared
with C. carpio, there were 23, 10 and 20 same transcription
factor binding sites respectively in the Sox7, Sox17, Sox18
of O. latipes. Among the transcription factor binding sites
of Sox7, BSX, GATA4, NF-Y, Oct6, Sox4 and Sox9 were
only found in C. carpio. FOXLI and Oct6 were unique in
C. carpio Sox17. For Sox18, GATA2, Oct4, Sox2 and Sox7
were unique in C. carpio (table 2 in electronic supplemen-
tary material).

Expression pattern of the CcSoxF genes during embryonic
development

We studied five different developmental stages of carp
embryos including blastocyst, gastrula, nerve embryonic
stage, tail-bud stage and hatching stage. Sox7 had the high-
estexpression in gastrula followed by the tail-bud stage and
hatching stage. Sox7 expression was extremely low in blas-
tocysts and in the nerve embryonic stage. The expression
of SoxI7 was highest in gastrula, followed by the nerve


http://www.ias.ac.in/jgent/
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info\&id=7962
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info\&id=7962
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info\&id=7962
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Figure 3. Phylogenetic tree of C. carpio Sox7, Sox17 and Sox18 in comparis
using predicted amino acid sequences. The phylogenetic tree was constructed

embryonic stage. The expression of Sox/7 was extremely
low in blastocysts, in the tail-bud stage, and in the hatch-
ing stage. The expression of Sox/8 was extremely low in

all developmental stages (figure 6). spleen,

on with SoxF proteins in other representative vertebrates
by MEGA (ver. 6.0) using the neighbour-joining method
with 1000 bootstrap replicates. The scale bar is 0.5. GenBank accession numbers of sequences are shown in supplementary table 1.

Expression pattern of the CcSoxF genes in adult tissues

Sox7 had the highest expression in brain, followed by
heart, eye, muscle, fin, scales, gill, kidney, gut and
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Figure 4. Genomic organization and chromosomal synteny. (a) Sox7, (b) Sox17 and (c) SoxI8. Schematic presentation of genetic
structure, exons (dark blue), and introns (light blue). C. carpio Sox7, SoxI17 and SoxI8, and their protein products. The 5’ and
3’ UTR (light green), and ORF (dark green) encoding the amino acid sequences are shown relative to their lengths in the cDNA
sequences. Protein domains are shown relative to their lengths and positions in the amino acid sequences. N-ter, N-terminal domain
(yellow); HMG box, high-mobility group box domain (pink); C-ter, C-terminal domain (purple). The following figures show the
length and position of the sequence, chromosome syntenic relationships of C. carpio Sox7, Sox17 and Sox18 genes with teleostean
orthologues. Conserved syntenies are shown for chromosomal segments containing Sox7, Sox17 and SoxI8. Rectangles represent
genes in chromosome scaffolds and arrows represent gene-coding directions. Chr, chromosome; Sca, scaffold.
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Figure 5. A schematic diagram of putative regulatory motifs in the promoter of (a) Sox7, (b) Sox17 and (c) Sox18 in C. carpio. The
scale is above and the full name of the potential transcription factor binding sites are provided at the bottom. The plus and minus
signs indicate the transcription factors binding strand. Transcriptional start site (ATG) is designated as +1. Transcription factors
names are shown in supplementary table 2.
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Figure 6. Relative expression levels of C. carpio Sox7, Sox17 and Sox18 during embryonic development. Data were normalized using
the reference gene 40S. Different letters indicate significant differences of the expression levels of SoxF genes at each stage which was
analysed by one-way ANOVA followed by LSD test at a 0.05 probability level using SPSS software. The relative expression values
are shown in table 3 in electronic supplementary material.

liver. Sox7 expressed extremely at low levels in the gonads.  extremely low in gut, kidney, liver and gonad. The expres-
The expression levels of Sox/7 and SoxI8 were relatively  sion level of Sox/8 was highest in the heart, followed by
low compared to Sox7. The expression level of Sox/7 was  brain, spleen, eye, gut, kidney, muscle and gonad. The
highest in the eye, followed by spleen, heart, brain, gill, expression level of Sox/8 was extremely low in fin, gill,
fin, scale and muscle. The expression level of Sox17 was  liver and scale (figure 7).
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Figure 7. Relative expression levels of female C. carpio Sox7, Sox17 and Sox18 genes in different adult tissues. Data were normalized
using the reference gene 40S. Different letters indicate significant differences of expression levels of SoxF genes in each organ which
was analysed by one-way ANOVA followed by LSD test at a 0.05 probability level using SPSS software. The relative expression values

are shown in table 3 in electronic supplementary material.

Expression pattern of the CcSoxF genes in adult brain

Because of the high levels of expression found in the brain,
we investigated the expression levels of Sox7, SoxI7 and
SoxI8 in five parts of the brain. The expression level
of Sox7 was highest in the mesencephalon, followed by
the epencephalon, telencephalon, and diencephalon. The
expression level of Sox7 was lowest in the macromyelon.
The expression levels of Sox/7 and SoxI8 were relatively
low compared to Sox7. SoxI7 had the highest expres-
sion levels in the epencephalon, followed by diencephalon.
Sox17 expression was extremely low in the macromyelon,
mesencephalon and telencephalon. The expression level
of Sox18 was highest in the mesencephalon followed by
the macromyelon and extremely low in the diencephalon,
epencephalon and telencephalon (figure 8).

Discussion

According to the previous reports, the interplay between
Sox7 and RUNXI regulates hemogenic endothelial fate
(Lilly et al. 2016). SoxI8 regulates the development of
blood vessels and regulates lymphangiogenesis (Wang
et al. 2015). Sox17 promotes endothelial cell differenti-
ation and hematopoiesis (Goveia et al. 2014; Clarke et al.
2015). SoxF promotes neuronal apoptosis and affects the
development of the neural tube. Sox/7 has been involved
in brain arteriovenous vessels (Duong et al. 2014; Bas-
taki et al. 2016). There has been few research concerning

neurogenesis. In this study, we investigated the structure,
chromosome synteny, transcription factor binding sites in
the 5’ flanking regions and expression pattern of SoxF in
carp.

There were two copies of Sox7 in the carp genome of
which one was located in scaffold 1136 and flanked by
pinx] and rplll. In fish and mammals, pinx/, Sox7 and
rpll1 were neighbouring genes, but there was differences
in gene arrangement between fish and mammals. Another
copy was located in scaffold 77 flanked by zbed4 and sirt7.
However, the gene arrangement on both sides of Sox7 was
not conserved. We speculate that the duplication of this
gene might be due to chromosome rearrangements or gene
insertions.

We found that Sox/7 was located in LG17. In medaka
and tilapia, Sox17 and SoxI7a were adjoined. In Xeno-
pus, Sox17 is located next to Sox7h. In carp, zebrafish
and mammals, only one copy of Sox!7 was found. Sox17
and lyplal were clustered together in carp, while in other
species they were separated by mrpll5. The arrangement
and direction of genes around Sox/7 were different. There-
fore, in fish, the rearrangement of genes around Sox/7 had
often taken place.

We detected two copies of Sox/8 in carp scaffold 192
at different positions. Sox/8 was flanked by fcea? and
xkr7. These three genes are clustered together in fish. In
mammals, Sox/8 is flanked by tcea2 and prpf6. There are
apparent differences in gene order and direction in differ-
ent species.

Chromosome rearrangement (translocations and
inversions) frequently occurred at the time of genome
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Figure 8. Relative expression levels of C. carpio Sox7, Sox17 and SoxI8 genes in different parts of the adult brain. Data were
normalized using the reference gene 40S. Different letters indicate significant differences of the expression levels of SoxF gene in each
organ, which was analysed by one-way ANOVA followed by LSD test at a 0.05 probability level using SPSS software. The relative
expression values are shown in table 3 in electronic supplementary material.

replication in fish for SoxF genes. However, conservative
gene arrangement was generally consistent.

Two copies of Sox7 were detected in C. carpio genome.
One was located at scaffold 77, another at scaffold 1136.
The mature mRNA sequences, transcription factor bind-
ing sites, UTR sequences, and expression patterns of the
two copies were identical, but the sequence of their introns
was different. The flanking genes of Sox7 in scaffold 1136
and in scaffold 77 were also different. It is noteworthy that
the flanking genes of Sox7 in scaffold 1136 were conserved
among different species but the flanking genes of Sox7
in scaffold 77 were not. Therefore, we hypothesized that
the copy of Sox7 in scaffold 77 was caused by the insert.
A similar example also appeared in Sox/8. Based on the
karyotype analysis of carp, Yu et al. (1987) suggested that
carp were likely to be tetraploid. The tetraploid under-
went a long process and gradually evolved into diploid.
In this process, some segments of chromosomes and genes
were inserted, or deleted, and their positions changed fre-
quently. We suggest that it was possible that variation in
gene arrangement around SoxF along chromosomes were
caused in this process.

Analysis of the patterns of gene expression is the basis
of the study of gene function. In the previous report, the

SoxF transcription factors play a complex role in regulat-
ing cardiovascular and vascular development in mice and
zebrafish, and in regulating Xenopus embryonic develop-
ment (Lilly e al. 2017). SoxF promotes the proliferation
and differentiation of lymphatic vessels (Francois et al.
2011). Sox7, Sox17 and SoxI8 regulate vascular develop-
ment in mouse retina (Zhou et al. 2015). SoxF genes are
dispensable for primitive endoderm differentiation. In this
study, SoxF genes were expressed in each developmental
stage of carp. The expression level was highest in gastrula.
SoxF genes were expressed in all adult tissues. The expres-
sion level was highest in eye, spleen and heart. These results
indicated that the SoxF genes seemed to possess functions
similar to those previously reported in other animals.

However, the expression level of SoxF genes was high in
the brain. Therefore, a meticulous analysis of the expres-
sion of SoxF was performed in five regions of the carp
brain. Sox7 and SoxI8 exhibited the highest expression
in the mesencephalon. Sox!7 was highly expressed in the
epencephalon. We hypothesized that SoxF genes might be
associated with neurological development.

Sequences at 5" UTRs play an important role in the
regulation of gene expression. We analysed the 2000-bp
upstream 5’ flanking sequences of each member of the
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SoxF subgroup using bioinformatics software. We iden-
tified several transcription factor binding sites related to
neural development.

BRN4 induces differentiation of neural stem cells into
neurons and promotes maturation of new neurons and
maintains cells survival (Tan ef al. 2010). BRN3 regulates
the development of the central nervous system; it is an
important factor that regulates the normal development
and differentiation of retinal ganglion cells (Huang et al.
2011). HNF induces pluripotent stem cells to differenti-
ate into hepatic cells (Yahoo et al. 2016). BSX plays an
important role in the early stages of vertebrate neuronal
determination and neurogenesis (Takahashi and Holland
2004). In addition, RUSH, FOXLI, MYTI and GSH2
might interact with SoxF genes to regulate their functions
in the nervous system. Oct4, TALI and Nanog might be
attributed to neural stem/progenitor (Gabut et al. 2011).

Other transcription factor binding sites were found. The
GATA family of transcription factors plays an indispens-
able role in ectoderm differentiation, in the hematopoietic
system, and in the development of the heart, thymus and
intestine (Jin and Liu 2009; Tarradas et al. 2016). MEF2
regulates cardiac development and the cardiovascular sys-
tem (Desjardins and Naya 2016; Sacilotto et al. 2016).
These results correspond to the previous study about the
function of SoxF on vascular development (Morini and
Dejana 2014; Kim et al. 2016). API, CEBPB and Spl are
widely expressed in eukaryotes and play an important role
in various cells processes.

The discovery of these transcription factor binding sites
and the expression pattern analysis of SoxF genes were
consensus. These results further verify that SoxF genes
might participate in neurological development and are
important for maintaining neurological functions.

In summary, we obtained the full-length cDNA seq-
uence of SoxF genes including Sox7, SoxI7 and SoxI8
in carp. Both Sox7 and SoxI8 have two copies. The con-
struction of a phylogenetic tree showed that these genes
were homologous to genes in other species. Chromosome
synteny analysis indicated that the gene order of Sox7 and
Sox18 was highly conserved in the fish. However, genomic
sequences around Sox/7 in fish was rearranged during evo-
lution. Numerous putative transcription factor binding
sites were identified in the 5 upstream flanking regions
of SoxF genes, which may be involved in the regulation
of the nervous system, vascular epidermal differentiation
and embryonic development. The expression patterns of
SoxF genes indicated a potential function of SoxF genes
in neurogenesis and vascular development in carp. These
results provide new information for further studies on the
potential functions of SoxF genes in carp.
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